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Abstract
The impact of alien predator species on insular native biota has often been attributed to
island prey naïveté (i.e. lack of, or inefficient, anti-predator behavior). Only rarely, however,
has the concept of island prey naïveté been tested, and then only a posteriori (i.e. hundreds
or thousands of years after alien species introduction). The presence of native or anciently
introduced predators or competitors may be crucial for the recognition and development of
adaptive behavior toward unknown predators or competitors of the same archetype (i.e. a
set of species that occupy a similar ecological niche and show similar morphological and
behavioral traits when interacting with other species). Here, we tested whether two squa-
mates endemic to New Caledonia, a skink, Caledoniscincus austrocaledonicus, and a
gecko, Bavayia septuiclavis, recognized and responded to the odor of two major invaders
introduced into the Pacific islands, but not yet into New Caledonia. We chose one predator,
the small Indian mongoose Herpestes javanicus and one competitor, the cane toad Rhinella
marina, which belong respectively to the same archetype as the following two species
already introduced into New Caledonia in the nineteenth century: the feral cat Felis catus
and the golden bell frog Litoria aurea. Our experiment reveals that geckos are naïve with
respect to the odors of both an unknown predator and an unknown competitor, as well as to
the odors of a predator and a competitor they have lived with for centuries. In contrast,
skinks seem to have lost some naïveté regarding the odor of a predator they have lived with
for centuries and seem “predisposed” to avoid the odor of an unknown potential competitor.
These results indicate that insular species living in contact with invasive alien species for
centuries may be, although not systematically, predisposed toward developing adaptive
behavior with respect to species belonging to the same archetype and introduced into their
native range.
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Introduction
Alien predators are known to inflict greater damage on prey populations than do native preda-
tors, especially on islands [1–3]. Invasive alien species are thus the most significant drivers of
population declines and species extinctions on island ecosystems worldwide [4,5]. Naïveté,
defined as a lack of predator recognition and of effective anti-predator behavior owing to the
lack of a common evolutionary history with a given predator, is considered as particularly char-
acteristic of island native species [6,7]. Diamond and Case [8] were among the first to suggest
that the devastating impacts of invasive alien predators on their new environment might be
due to the naïveté of island species.
However, naïveté is not restricted to predation and can be observed in connection with any
antagonistic interactions. The inability to recognize and respond effectively to a novel competi-
tor, defined as “competitive naïveté”, could also potentially affect access to resources and hence
population growth and survival [9,10]. Avoiding areas with introduced predators or competi-
tor odor, which reduces the likelihood of costly or lethal encounters, may be an important
adaptive trait in native species. The few studies on recognition and avoidance of the odor of
introduced species have investigated changes in ventilatory frequency, choice of foraging sites
or trapping success of native species in presence of odors, hundreds or thousands of years after
alien species introduction [9,11–16].
On the whole, studies on island species naïveté have examined how native species respond
to introduced predators or competitors with which they have co-existed for the centuries or
millennia since their introduction, allowing the native species time to acquire “eco-evolution-
ary experience”[17]. The concept of “eco-evolutionary experience” posits that biotic interac-
tions maintained during the evolutionary history of species influences the outcome of present-
day interactions between native and introduced species [17]. Experience is defined here as
familiarity not with particular species, but rather with archetypes of interaction partners [18].
An archetype refers to a set of species that occupy a similar ecological niche and show similar
morphological and behavioral traits when interacting with other species [7]. The presence of
such an archetype could influence the naïveté level of insular prey species toward a novel spe-
cies of the same archetype [6,7]. According to the “common constituent hypothesis”, carnivo-
rous predators share a nonspecific common odor that could be perceived as a danger signal,
thereby inducing generalized avoidance even in naïve species [19,20]. Therefore, the presence
of native or anciently introduced predators or competitors may be crucial for the recognition
and development of adaptive behavior toward unknown species of the same archetype [17,19–
22].
To the best of our knowledge, however, the naïveté of island native species with respect to
the odor of predators or competitors not yet introduced into their natural or dispersal range
has never been explored. Currently, the spread of exotic species is accelerating under the influ-
ence of a number of global change drivers such as world trade, global transport, land-use and
climate change [23–25], and various species (including alien predators or competitors) are
likely to be introduced into new regions. Biodiversity hotspots, especially islands or groups of
islands, will be disproportionately exposed to a high number of invasive alien species, both cur-
rently and in the future [26].
Thus, the Pacific region contains eight insular hotspots [27] whose exceptional biodiversity
is severely threatened by biological invasions [26]. For instance, the small Indian mongoose
(Herpestes javanicus) (Hodgson 1836) and the cane toad (Rhinella marina) (Linné, 1758) are
two of the most devastating animal invaders in the Pacific islands, where they have been acci-
dentally or intentionally introduced [28–30]. The mongoose and the cane toad have severe del-
eterious impacts on many native species, including endemic squamates [28,31,32]. Their direct
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(i.e. predation) and indirect (i.e. competition for food or shelter sites) impacts induce reduc-
tions in abundance or the extirpation of squamate species [28,33–36]. Squamates are com-
monly considered to have limited cognitive abilities of memory and learning [37] and for this
reason may be predisposed to a high level of naïveté. However, studies have shown that some
squamate species are able to detect and avoid the odor of native or already introduced preda-
tors [16,38–41]. New Caledonia is one of the major biodiversity hotspots in the Pacific, espe-
cially for terrestrial squamates with high diversity (105 described species and probably 20–30
new ones currently under description) and extremely high levels of narrow-range endemism
(92.8%) [42,43]. The small Indian mongoose and the cane toad have already been intercepted
at three points of entry to New Caledonia [44–47] (Fig 1), due to the many air and maritime
Fig 1. Map of New Caledonia with interception points (international airport; Noumea harbor and Prony industrial site) for the small Indian
mongoose (Herpestes javanicus) and the cane toad (Rhinella marina) and capture sites for the common litter skink (Caledoniscincus
austrocaledonicus) (yellow star) and the pale striped Bavayia gecko (Bavayia septuiclavis) (orange star).
doi:10.1371/journal.pone.0151545.g001
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links between New Caledonia and several Pacific countries already invaded by these two spe-
cies (Fig 2). Their future introduction and establishment therefore represents a significant
ascertained threat to the New Caledonian fauna, including herpetofauna.
In this study, we tested whether two endemic squamates of New Caledonia, a diurnal skink
(Caledoniscincus austrocaledonicus) and a nocturnal gecko (Bavayia septuiclavis), recognize
and respond to the odor of these two potential invaders (hereafter termed “unknown” species),
and to the odor of two species already introduced into New Caledonia (hereafter termed “inva-
sive alien” species), and belonging respectively to the same predator and competitor archetypes
(the feral cat Felis catus and the golden bell frog Litoria aurea). We considered the mongoose
as an archetype of the mammal predator, and the cane toad as an archetype of the competitor.
Fig 2. Map of the Pacific context regarding invasive threat bymongoose and cane toad for New Caledonia. Islands invaded by the small Indian
mongoose (Herpestes javanicus). Islands invaded by the cane toad (Rhinella marina). Main air (solid arrow) and maritime shipping links (dotted arrow) for
New Caledonia (red ellipse).
doi:10.1371/journal.pone.0151545.g002
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We assumed that there would be exploitative competition for resources and interference com-
petition with a risk of predation for retreat sites, due to overlapping shelter habitat preferences
(especially for squamate resting sites or egg laying sites that could be used as resting sites for
anurans). We hypothesized that the occurrence of the feral cat and the golden bell frog might
influence the responses of naïve species to the two unknown species belonging to the same
archetypes.
Methods
Ethics statement
C. austrocaledonicus is neither an endangered nor a protected species according to New-Cale-
donian or French law. C. austrocaledonicus were collected on private land belonging to IRD
Nouméa. This land is owned by the authors’ institution and therefore no specific permission
was required. B. septuiclavis is a protected species according to the environmental code of Prov-
ince Sud in New Caledonia, but handling of this species is allowed with specific permission.
For this study, B. septuiclavis were collected at the natural reserve of Pic du Grand Kaori with
the permission of Province Sud Environment Office (DENV, decree 2155-2012/ARR/DENV)
(Table 1). All of the individuals were temporarily kept in captivity during the experiments with
food and water ad libitum before being released in the wild at their initial capture sites. Sam-
pling procedures were specifically approved under the field permit. No specific permission was
required to collect faeces, to capture, to temporarily keep in captivity and to release at their ini-
tial capture sites the invasive vertebrate species used in this study (Table 1).
Study species
The native squamates chosen for this experiment are two common species in New Caledonia,
the common litter skink (C. austrocaledonicus) and the pale-striped Bavayia gecko (B. septui-
clavis). They were collected in the field (the skinks from open habitats and the geckos from
humid forest) from two areas (Fig 1) currently invaded by an invasive alien predator, the feral
cat and an invasive alien competitor, the golden bell frog. Recent diet studies conducted in
New Caledonia (unpublished data) show that skinks and geckos are common prey items in the
feral cat diet. The golden bell frog is a competitor for resources and shelter for both skinks and
geckos, known to sometimes prey upon C. austrocaledonicus [48].
While it is likely that individuals of both sexes were included in the two squamate species
tested, external morphological criteria do not allow reliable distinction of one from the other.
Table 1. Geographical coordinates of collection sites.
Country Locality Latitude Longitude Collection
Fiji Forest Staff village, Colo-I-Suva Forest Park, Suva
(privately owned)
18°2'43.15"S 178°
23'55.57"E
Faeces of mongoose; Cane toad
(n = 3)
Fiji University of the South Paciﬁc campus, Suva (privately
owned)
18°8’59.83"S 178°
26’38.48"E
Faeces of mongoose; Cane toad
(n = 5)
Hawaii (O'ahu) University of Hawaii campus, Mānoa (privately owned) 21°
17'54.14"N
157°
49'5.22"O
Cane toad (n = 17)
Hawaii (O'ahu) Vacant land near the University of Hawaii campus,
Mānoa (publicly owned)
21°
17'42.31"N
157°
48'50.75"O
Faeces of mongoose
New Caledonia (Main
island)
Natural reserve of Pic du grand Kaori (privately owned) 22°
16'51.69"S
166°
53'46.19"E
B. septuiclavis
New Caledonia (Main
island)
IRD, Noumea (privately owned) 22°18'4.47"S 166°
26'38.28"E
C. austrocaledonicus
doi:10.1371/journal.pone.0151545.t001
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Recognition and response by these two squamate species were tested through a retreat site-
choice experiment. Retreat site choice provides a robust measure of predator avoidance and
has been successfully used in previous studies [16,38–40] to assess lizard avoidance behavior
with respect to the odor of native or introduced predators.
The odors were obtained from samples (fresh faeces) collected in the field for both mammal
predators, and were obtained from living individuals collected in the field for anurans. Fresh
faeces were obtained from Fiji and Hawaii for the mongoose and from southern New Caledo-
nia for the feral cat. Faeces of each species were kept frozen and then thawed and crushed on
small pieces of paper towel just before the tests. Competitor odors were obtained from individ-
uals collected in the field. The cane toad odors were obtained from 25 individuals captured in
Fiji (n = 8) and Hawaii (n = 17). The golden bell frog odors were obtained from 15 individuals
captured in New Caledonia. Cane toad and golden bell frog odors were obtained by placing
paper towels on the floor of boxes where 4 or 5 individuals were kept for several days, to collect
urine and faeces. In the case of the cane toad, toxic exudates, extracted by pressing the parotid
glands of individuals, were also deposited on the soiled paper towels from the boxes. These
paper towels were then cut into small pieces of the same size as those carrying the crushed
mongoose and feral cat faeces. To distinguish whether responses to odor were specific to preda-
tor or competitor odor, or simply responses to any odor, we used as control scent a biological
odor outside the experience of the species and individuals tested. We chose the odor of a sea-
bird (Wedge-tailed shearwater, Puffinus pacificus), an odor that was not from a predator or
competitor and unfamiliar [16]. As this seabird nests exclusively on the coastline (sandy
beaches), there is no way that the squamate populations sampled here could have come into
contact with it. The control scent odor was obtained by placing paper towels on one fresh
corpse of P. pacificus.
Retreat site choice experiment
Experimental tests were conducted after sunset for diurnal skinks and after sunrise for noctur-
nal geckos, during the normal period of inactivity when retreat sites are sought by these two
species. Squamates were placed in opaque plastic boxes (L × l × h: 32 x 21 x 20 cm) containing
two ceramic tiles (7 x 7 cm) as retreat sites (Fig 3). A paper towel was placed under each tile,
one treated with odors (predator, competitor or control scent), the other with distilled water
(odorless control). New pieces of paper towel, either unscented or randomly selected from the
scent-carrying papers for each species, were used for each test. Boxes and tiles were washed
with 95% alcohol and dried between trials, and all manipulations were performed wearing
latex gloves, to avoid human odor. Choice and position of odor (right or left) were randomly
determined before each trial [39,40]. Tests were performed for two hours and the result deter-
mined according to the tile under which the lizards were hiding at the end of the experiment.
Gérard et al. 2014 [16] found in previous experiments that the skink response rate (i.e. total
number of tile choices (odorless control and scented tiles) divided by total number of tests)
decreased during successive tests with different odors, while the gecko response rate remained
high. Therefore, to avoid this undesirable non-response effect, we exposed each skink to one
odor only, while each gecko was exposed to all the odors successively, in random order [16].
Tests were performed on 330 adult skinks (66 skinks per odor) and 79 adult geckos. For skinks,
each individual was captured several hours before the experiment and placed in a small plastic
box with a few leaves and water ad libitum before the beginning of the experiment. For geckos,
each individual was maintained in a small plastic box with a few leaves, a piece of wood, crick-
ets, and water ad libitum before and between experiments. Before our experiments, skinks and
geckos were acclimated to captivity conditions for 24 hours. At the end of the experiment, all
Novel Invaders on Islands
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the skinks and geckos were released at their capture sites. Responses were measured by com-
paring avoidance ratings (number of odorless control tile choices divided by total number of
tile choices) between tests with predator/competitor odors and two different controls: no effect
of odor (i.e. fixed avoidance rating = 50%) and the control scent (P. pacificus odor). The non-
responding lizards, those that remained outside the tiles and did not choose a retreat site, were
excluded from the calculation of the avoidance rating.
Data analysis
We tested whether skinks and geckos avoided a control scent (i.e., the odor of P. pacificus)
unrelated to any predator/aggressor. Then, we compared lizard avoidance ratings when
exposed to predator or aggressor odors, with two different controls: (i) no effect of odor (i.e.,
Fig 3. (a)Caledoniscincus austrocaledonicus (IMBE) (b) Bavayia septuiclavis (A. Gérard) (c) Experimental design: Skinks or geckos are individually placed
at the center of the front part of the box at the beginning of the experiment (A. Gérard; GNU Image Manipulation Program 2.8).
doi:10.1371/journal.pone.0151545.g003
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random choice corresponding to an avoidance rating of 50%) and (ii) control scent (P. pacificus
odor). These two ways of analyzing the data yield complementary information. The first reveals
whether a predator/aggressor odor is attractive/repulsive. The second reveals whether one par-
ticular predator/aggressor odor is more attractive/ repulsive than an unknown odor unrelated
to any predator/aggressor. Making this comparison should distinguish the strategy “avoid any
odor” from the strategy “avoid the odor of a recognized predator”. Statistical analyses were per-
formed using generalized linear models (GLM) for skinks and generalized linear mixed models
(GLMM) for geckos, with individual identity as a random factor to control for replicated data
coming from a single individual. We also added sequence (order of odor presentation) as a
fixed factor in the analysis for geckos. Both models were fitted with a binomial distribution of
error (with logit link) and were implemented in R 2.15.0 [49] using the “lme4” library [50].
Results
We found that neither skinks nor geckos avoided the control scent (P = 0.87; P = 0.69, respec-
tively) (Fig 4; Table 2) indicating that they are not simply avoiding all scents, but are specifi-
cally responding to the scent of predators or competitors. We determined that the odor
Fig 4. Avoidance rating (number of odorless control tile choices divided by total number of tile choices) of (1)Caledoniscincus austrocaledonicus
(n = 330) (2) Bavayia septuiclavis (n = 79) for choice of retreat sites treated with odors of non-introduced predator (Herpestes javanicus), non-
introduced (Rhinella marina) and extant predator (Felis catus), competitor (Litoria aurea) or scent control (Puffinus pacificus). Black bars denote
responses to the odor of species already present in New Caledonia. Hatched bars denote responses to the odor of species not yet introduced into New
Caledonia. (a) significant difference with scent control (P. pacificus), (b) significant difference with no effect of odor (i.e. fixed avoidance rating = 50%) (dotted
line).
doi:10.1371/journal.pone.0151545.g004
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sequence did not influence gecko retreat site choice (generalized linear mixed models (GLMM;
P = 0.12)).
Diurnal skinks were more responsive than nocturnal geckos whatever the intercept consid-
ered (Fig 4; Table 2). In fact, the skinks avoided two of the odors (the feral cat and the cane
toad) (P<0.02; Fig 4; Table 2), while the geckos did not avoid any of the odors (P>0.21; Fig 4;
Table 2), whatever the control considered.
Neither skinks nor geckos avoided the odor of the unknown predator (the small Indian
mongoose) (P>0.05; Fig 4; Table 2). The odor of the unknown competitor (the cane toad) was
avoided by skinks (P<0.02; Fig 4; Table 2) but not by geckos (P>0.21; Fig 4; Table 2).
The odor of the feral cat was also avoided by skinks (P<0.02; Fig 4; Table 2) but not by
geckos (P>0.54; Fig 4; Table 2).
The odor of the golden bell frog was not avoided by skinks (P>0.44; Fig 4; Table 2), nor by
geckos (P>0.26; Fig 4; Table 2).
Discussion
Our experiment suggests that skinks may have lost some naïveté regarding the odor of a preda-
tor they have lived with for centuries, and seem “predisposed” to avoid the odor of an unknown
potential competitor. In contrast, geckos do not recognize the odors of an unknown predator
and an unknown competitor, nor the odors of a predator and a competitor they have lived with
for centuries.
According to the prey naïveté hypothesis, the ability of a prey species to detect and avoid
novel predators depends on the life history, ecology, and evolutionary history of both predator
and prey (e.g. degrees of experience) [6,7,51]. Prey species that have not acquired “eco-evolu-
tionary experience” with predators belonging to certain archetypes are predisposed to high lev-
els of naivety towards novel introduced predators from these archetypes [19]. However, island
species that have coexisted with alien predators, for decades or centuries, and developed adap-
tive avoidance behavior to deal with predation risk, are more likely to avoid unknown predator
odor and to associate it with a threat. This is especially true if introduced predators belong the
same archetype as the unknown predator, and if risk cues are conserved through phylogeny
[6,7,52]. In our study, skinks did not avoid the odor of the small Indian mongoose, an
unknown predator with which they do not share either evolutionary or ecological history,
whereas they recognized and avoided the odor of feral cats. Thus, although cat and mongoose
could be considered as belonging to the same predator archetype (i.e. small carnivorous
Table 2. Results of GLM for (a) skinks for tests with predator odors compared with scent control odor (Puffinus pacificus) (b) skinks for tests with predator
odors compared with no effect of odor (i.e. fixed avoidance rating = 50%) (c) geckos for tests with predator odors compared with scent control odor (Puffinus
pacificus) (d) geckos for tests with predator odors compared with no effect of odor (i.e. fixed avoidance rating = 50%).
a Estimate Std. Error Pr(>|z|) c Estimate Std. Error Pr(>|z|)
Control scent -0.057 0.338 0.866 Control scent 0.110 0.270 0.686
H. javanicus 0.711 0.481 0.139 H. javanicus 0.258 0.409 0.527
F. catus 1.125 0.486 0.021 F. catus -0.256 0.432 0.536
R. marina 1.093 0.487 0.025 R. marina 0.296 0.421 0.481
L. aurea 0.258 0.426 0.545 L. aurea 0.213 0.394 0.588
b Estimate Std. Error Pr(>|z|) d Estimate Std. Error Pr(>|z|)
H. javanicus 0.654 0.342 0.056 H. javanicus 0.368 0.307 0.230
F. catus 1.068 0.350 0.002 F. catus -0.147 0.313 0.640
R. marina 1.036 0.351 0.003 R. marina 0.405 0.323 0.209
L. aurea 0.201 0.259 0.439 L. aurea 0.323 0.286 0.260
doi:10.1371/journal.pone.0151545.t002
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mammals), the presence of the feral cat for over 150 years in New Caledonia [53] and the rec-
ognition and avoidance of its odor by skinks, did not lead to the recognition and avoidance of
the small Indian mongoose odor. This result appears to be somewhat inconsistent with the
‘‘common constituent hypothesis”, according to which there is a general nonspecific carnivo-
rous odor that prey are able to assess as a danger signal, even when predators are unfamiliar
[19,20]. However, Barrio et al. 2010 [54] suggested that in the case of mammals, the common
constituent hypothesis may only apply when taxonomic levels are closely related (i.e. between
species of the same family). Therefore, due to the age divergence (about 37 million years)
between Felidae and Mustelidae, the differences between these two families could be too great
for there to be any avoidance of the mongoose odor by skinks [55].
Regarding competitive naïveté toward competitors for food or shelter sites, our study
showed that the skink C. austrocaledonicus avoided the odor of the cane toad despite their lack
of shared ecological and evolutionary history. The detection of toxic compounds, present in
the exudates from the parotid and skin gland secretion [56] deposited on the paper towels,
might explain this avoidance of the odor of the cane toad. This avoidance suggests that skinks
could be “predisposed” to recognize and/or to avoid this potential novel competitor and thus
potential costly aggressive encounters [57]. Although cane toads and golden bell frogs belong
to the same archetype and threat type (anouran), the avoidance of the cane toad odor by skinks
does not appear to be linked to the presence in New Caledonia, and at our field sites, of the
introduced golden bell frog, since the skinks did not avoid the odor of this frog, despite ca.130
years of coexistence [58]. The intensity of a threat is considered important in shaping the devel-
opment of adaptive behavior [16,40]. Although L. aurea is known to sometimes prey upon C.
austrocaledonicus [48], these events are probably too sporadic (the L. aurea diet being mainly
composed of insects and tadpoles [59]) to induce pressure that would lead to avoidance of the
odor of the golden bell frog by skinks.
In contrast with skinks, the gecko B. septuiclavis, did not avoid any of the odors of a preda-
tor and a competitor they have lived with for centuries, nor the odors of an unknown predator
and an unknown competitor. Intensity of threat and differences in the biology of skinks and
geckos have been advanced to explain the observed difference in behavior between these two
groups of squamates when faced with introduced predators [16]. Skinks are active foragers
using their chemical discrimination abilities to detect prey, whereas geckos tend to be ambush
foragers relying less on chemical discrimination [60]. Against anuran species, squamate species
foraging in arboreal habitats (like geckos) were found to be at lower risk of decline in abun-
dance than squamate species foraging on the ground and in riparian environments in tropical
Australia [61]. Moreover, the selection of a retreat site to avoid a risk of predation during the
inactive period, i.e. the specific behavior we tested in our experiment, might be more crucial for
skinks than for geckos. In fact, diurnal skinks spend most of their time in retreat sites at night,
when nocturnal species like the feral cat are most active and when predation risk at retreat sites
is therefore highest. Selecting a retreat site in an area without feral cat odors may thus be crucial
for skinks, so as to limit predation risk during peak predator activity periods. Conversely, noc-
turnal geckos occupy retreat sites during the day, when nocturnal species like the feral cat are
less active. Consequently, there may be less predation pressure at retreat sites and less need to
avoid retreat sites with odors of predators for geckos than for skinks.
To conclude, this study thus shows that island species living in contact with invasive alien
species for centuries may be, although not systematically, predisposed toward developing adap-
tive behavior with respect to species belonging to the same archetypes and introduced into
their native range. The probable future establishment of the small Indian mongoose and the
cane toad in New Caledonia could therefore have serious consequences on the exceptional spe-
cies richness of squamates in New Caledonia. The establishment of the small Indian mongoose
Novel Invaders on Islands
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would add predation pressure on New-Caledonian squamates, some of which have an
extremely high level of narrow range endemism [62] and are already severely threatened by
feral cats and different species of introduced rodents [63]. The establishment of the cane toad
could lead to lethal ingestion by large squamates (e.g. Lioscincus nigrofasciolatum, Phoboscincus
sp.) and could impact the smaller endemic species via predation and competition for habitat or
retreat sites [61].
Unfortunately, a number of global change drivers are accelerating the spread of exotic spe-
cies. Climate change influences all invasive alien species by affecting their spread and coloniza-
tion of new habitats [23]. The fragmentation of the landscape by land use intensification
reduces the ability of resident species to resist invasion [23]. The growth and development of
world markets [25], the adoption of novel species as pets [64], are factors that facilitate or cre-
ate conditions favorable to the arrival or progression of certain species. It would be interesting
to realize similar studies in various island contexts, for example with unknown predators or
competitors of native species, both belonging and not belonging to the same archetype as
already introduced species. This could reveal patterns of responses by naïve species and provide
additional insights into the factors affecting sensitivity in native species exposed to new preda-
tors or competitors.
The increasing velocity of toad and mongoose expansion in areas where they have been
introduced [65,66], together with the difficulty or impossibility of creating barriers to further
spread and the probable naïveté of local fauna in areas not yet invaded, highlight the impor-
tance of promoting biosecurity. New Caledonia, like many other Pacific islands, has become
economically- and food-dependent on developed countries [67]. Supplies arrive in New Cale-
donia mainly by boat and plane, particularly from Fiji and Australia, where these potential
major invaders are widely distributed. Therefore, people and supplies coming from these areas
need to be the object of particular vigilance during biosecurity controls, to prevent the arrival
of two of the most devastating animal invaders in the South Pacific islands. Preventing the
introduction of species with a high risk of becoming invasive remains the best way to protect
native species and the most cost-effective management strategy [68,69].
Acknowledgments
This study was funded by the CNRS, Institut Ecologie et Environnement (INEE) (PEPS Pro-
gramme) and by Province Sud in New Caledonia. A.G. was funded by a Ph.D. scholarship
(EDSE251). We are grateful to H. de Meringo, F. Rigault, L. Debar, E. Bourguet, Y. Pillon, R.
Taputuarai, R. Pouteau for their help in the field, C. Gomez, J. Anso for the two maps in this
manuscript, and to the Parc Zoologique et Forestier for the use of their boxes for experiments.
Our thanks to M. Sweetko for English language revision.
Author Contributions
Conceived and designed the experiments: AG HJ EV. Performed the experiments: AG. Ana-
lyzed the data: AG AM. Wrote the paper: AG HJ AM EV.
References
1. Salo P, Korpimaki E, Banks PB, NordstromM, Dickman CR (2007) Alien predators are more dangerous
than native predators to prey populations. Proceedings of the Royal Society B-Biological Sciences
274: 1237–1243.
2. Paolucci EM, MacIsaac HJ, Ricciardi A (2013) Origin matters: alien consumers inflict greater damage
on prey populations than do native consumers. Diversity and Distributions 19: 988–995.
3. Simberloff D (1995) Why do introduced species appear to devastate islands more than mainland
areas?. Pacific Science 49: 87–97.
Novel Invaders on Islands
PLOS ONE | DOI:10.1371/journal.pone.0151545 March 15, 2016 11 / 14
4. Vitousek PM, DAntonio CM, Loope LL, Rejmanek M, Westbrooks R (1997) Introduced species: A sig-
nificant component of human-caused global change. New Zealand Journal of Ecology 21: 1–16.
5. Reaser JK, Meyerson LA, Cronk Q, De Poorter M, Eldrege LG, Green E, et al. (2007) Ecological and
socioeconomic impacts of invasive alien species in island ecosystems. Environmental Conservation
34: 98–111.
6. Carthey AJR, Banks PB (2014) Naïveté in novel ecological interactions: lessons from theory and exper-
imental evidence. Biological Reviews 89: 932–949. doi: 10.1111/brv.12087 PMID: 25319946
7. Cox JG, Lima SL (2006) Naivete and an aquatic-terrestrial dichotomy in the effects of introduced preda-
tors. Trends in Ecology & Evolution 21: 674–680.
8. Diamond J, Case TJ (1986) Overview: introductions, extinctions, exterminations, and invasions In
Community Ecology Eds J Diamond and T J Case Harper and Row, New York 65–79.
9. Heavener SJ, Carthey AJR, Banks PB (2014) Competitive naivete, between a highly successful
invader and a functionally similar native species. Oecologia 175: 73–84. doi: 10.1007/s00442-013-
2874-6 PMID: 24390480
10. Harrington LA, Harrington AL, Yamaguchi N, ThomMD, Ferreras P, Windham TR, et al. (2009) The
impact of native competitors on an alien invasive: temporal niche shifts to avoid interspecific aggres-
sion? Ecology 90: 1207–1216. PMID: 19537542
11. Banks PB (1998) Responses of Australian bush rats, Rattus fuscipes, to the odor of introduced Vulpes
vulpes. Journal of Mammalogy 79: 1260–1264.
12. Blumstein DT (2002) Moving to suburbia: ontogenetic and evolutionary consequences of life on preda-
tor-free islands. Journal of Biogeography 29: 685–692.
13. Banks PB, Hughes KN, Rose T (2003) Do native Australian small mammals avoid faeces of domestic
dogs? Responses of Rattus fuscipes and Antechinus stuartii. Australian Zoologist 32: 406–409.
14. Russell BG, Banks PB (2007) Do Australian small mammals respond to native and introduced predator
odours? Austral Ecology 32: 277–286.
15. Mella VSA, Cooper CE, Davies SJJF (2010) Ventilatory frequency as a measure of the response of
tammar wallabies (Macropus eugenii) to the odour of potential predators. Australian Journal of Zoology
58: 16–23.
16. Gérard A, Jourdan H, Cugnière C, Millon A, Vidal E (2014) Is naïveté forever? Alien predator and
aggressor recognition by two endemic island reptiles. Naturwissenschaften 101: 921–927. doi: 10.
1007/s00114-014-1233-8 PMID: 25193147
17. Saul WC, Jeschke JM, Heger T (2013) The role of eco-evolutionary experience in invasion success.
NeoBiota 17: 57–74.
18. Saul WC, Jeschke JM (2015) Eco-evolutionary experience in novel species interactions. Ecology Let-
ters 18: 236–245. doi: 10.1111/ele.12408 PMID: 25626585
19. Dickman CR, Doncaster CP (1984) Responses of small mammals to red fox (Vulpes vulpes) odor. Jour-
nal of Zoology 204: 521–531.
20. Nolte DL, Mason JR, Epple G, Aronov E, Campbell DL (1994) Why are predator urines aversive to
prey? Journal of Chemical Ecology 20: 1505–1516. doi: 10.1007/BF02059876 PMID: 24242647
21. Mitchell MD, Chivers DP, McCormick MI, Ferrari MCO (2015) Learning to distinguish between preda-
tors and non-predators: understanding the critical role of diet cues and predator odours in generalisa-
tion. Scientific Reports 5: 13918. doi: 10.1038/srep13918 PMID: 26358861
22. Ferrari MCO, Gonzalo A, Messier F, Chivers DP (2007) Generalization of learned predator recognition:
an experimental test and framework for future studies. Proceedings of the Royal Society of London B:
Biological Sciences 274: 1853–1859.
23. Sutherst RW (1995) Climate change and invasive species: a conceptual framework. In "Invasive spe-
cies in a changing world" Ed Mooney, H A and R J Hobbs: 211–240.
24. Dukes JS, Mooney HA (1999) Does global change increase the success of biological invaders? Trends
in Ecology & Evolution 14: 135–139.
25. Perrings C, Mooney H, Williamson M (2010) Bioinvasions and globalization. Oxford University Press,
Oxford: 288 p.
26. Bellard C, Leclerc C, Leroy B, Bakkenes M, Veloz S, Thuiller W, et al. (2014) Vulnerability of biodiversity
hotspots to global change. Global Ecology and Biogeography 23: 1376–1386.
27. Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J (2000) Biodiversity hotspots for
conservation priorities. Nature 403: 853–858. PMID: 10706275
28. HaysWST, Conant S (2007) Biology and impacts of Pacific Island invasive species. 1. A worldwide
review of effects of the small Indian mongoose, Herpestes javanicus (Carnivora: Herpestidae). Pacific
Science 61: 3–16.
Novel Invaders on Islands
PLOS ONE | DOI:10.1371/journal.pone.0151545 March 15, 2016 12 / 14
29. Wozencraft C, Duckworth JW, Choudury A, Muddapa D, Yonzon P, Kanchanasaka B, et al. (2008)Her-
pestes javanicus. The IUCN Red List of Threatened Species Version 20142 <www.iucnredlist.org>
Downloaded on 30 October 2014.
30. Solís F, Ibáñez R, Hammerson G, Hedges B, Diesmos A, Matsui M, et al. (2009) Rhinella marina. The
IUCN Red List of Threatened Species Version 20142 <www.iucnredlist.org> Downloaded on 30 Octo-
ber 2014.
31. Morley CG (2004) Has the invasive mongoose Herpestes javanicus yet reached the island of Taveuni,
Fiji? Oryx 38: 457–460.
32. Shine R (2010) The ecological impact of invasive cane toad (Bufo marinus) in Australia. The Quaterly
Review of Biology 85: 253–291.
33. Zug GR (1991) Lizards of Fiji: natural history and systematics. Bishop Museum Press, Honolulu, HI,
USA: 136 p.
34. Catling PC, Hertog A, Burt RJ, Wombey JC, Forrester RI (1999) The short-term effect of cane toads
(Bufo marinus) on native fauna in the Gulf Country of the Northern Territory. Wildlife Research 26:
161–185.
35. Taylor R, Edwards G (2005) A review of the impact and control of cane toads in Australia with recom-
mendations for future research and management approaches. A report to the Vertebrates Pests Com-
mitee from the National Cane Toad Taskforce: 103 p.
36. Reed RN, Bakkegard KA, Desy GE, Plentovich SM (2007) Diet composition of the invasive cane toad
(Chaunus marinus) on Rota, Northern Mariana Islands Pacific conservation biology 13: 219–222.
37. Leal M, Powell BJ (2012) Behavioural flexibility and problem-solving in a tropical lizard. Biology Letters
8: 28–30. doi: 10.1098/rsbl.2011.0480 PMID: 21752816
38. Downes S, Shine R (1998) Sedentary snakes and gullible geckos: predator-prey coevolution in noctur-
nal rock-dwelling reptiles. Animal Behaviour 55: 1373–1385. PMID: 9632520
39. Lloyd R, Alford RA, Schwarzkopf L (2009) Chemical discrimination among predators by lizards:
Responses of three skink species to the odours of high- and low-threat varanid predators. Austral Ecol-
ogy 34: 50–54.
40. Stapley J (2003) Differential avoidance of snake odours by a lizard: Evidence for prioritized avoidance
based on risk. Ethology 109: 785–796.
41. Downes S, Shine R (1998) Heat, safety or solitude? Using habitat selection experiments to identify a
lizard's priorities. Animal Behaviour 55: 1387–1396. PMID: 9632521
42. Smith SA, Sadlier RA, Bauer AM, Austin CC, Jackman T (2007) Molecular phylogeny of the scincid liz-
ards of New Caledonia and adjacent areas: Evidence for a single origin of the endemic skinks of Tas-
mantis. Molecular Phylogenetics and Evolution 43: 1151–1166. PMID: 17400482
43. Bauer AM, Jackman TR, Sadlier RA, Whitaker AH (2012) Revision of the giant geckos of New Caledo-
nia (Reptilia: Diplodactylidae: Rhacodactylus). Zootaxa: 1–52.
44. Calédoniennes Ln (07 février 2009) http://www.lnc.nc/article/environnement/ennemi-public-numero-1.
45. Calédoniennes Ln (2010) http://wwwlncnc/article/environnement/alerte-a-la-mangouste-sur-le-port-
autonome.
46. Barrière P (2010) Rapport d’autopsie des 2 mangoustes capturées au port Autonome (Nouméa). Cen-
tre de REGulation des gros Gibiers (CREG) Nessadiou: 3 pp.
47. Comité français de l’UICN O (2011) Les vertébrés terrestres introduits en outre-mer et leurs impacts.
Guide illustré des principales espèces envahissantes. France 100 p.
48. Bauer AM, Vindum JV (1990) A checklist and key to the herpetofauna of New Caledonia, with remarks
on biogeography. Proc Calif Acad Sci 47: 17–45.
49. TeamRDC (2012) R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. R Foundation for Statistical Computing, Vienna, Austria ISBN 3-900051-
07-0, URL http://wwwR-projectorg/
50. Bates D, Maechler M, Dai B (2014) lme4: linear mixed-effects models using Eigen and S4. R package
version 1.0–6. Available at: http://cranr-projectorg/web/packages/lme4/.
51. Hayes RA, Nahrung HF, Wilson JC (2006) The response of native Australian rodents to predator
odours varies seasonally: a by-product of life history variation? Animal Behaviour 71: 1307–1314.
52. Ferrari MCO,Wisenden BD, Chivers DP (2010) Chemical ecology of predator-prey interactions in
aquatic ecosystems: a review and prospectus The present review is one in the special series of reviews
on animal-plant interactions. Canadian Journal of Zoology 88: 698–724.
53. Pascal M, Barré N, De Garine-Wichatitsky M, Lorvelec O, Frétey T, Brescia F, et al. (2006) Les peuple-
ments néo-calédoniens de vertébrés: invasions, disparitions. In: Beauvais ML, Coleno A, Jourdan H
Novel Invaders on Islands
PLOS ONE | DOI:10.1371/journal.pone.0151545 March 15, 2016 13 / 14
(Eds) Les espèces envahissantes dans l'archipel néo-calédonien: un risque environnemental et écono-
mique majeur Collection Expertise Collégiale, IRD Editions Paris, France, cédérom pp 116–162.
54. Barrio IC, Bueno CG, Banks PB, Tortosa FS (2010) Prey naivete in an introduced prey species: the
wild rabbit in Australia. Behavioral Ecology 21: 986–991.
55. Bininda-Emonds ORP, Gittleman JL, Purvis A (1999) Building large trees by combining phylogenetic
information: a complete phylogeny of the extant Carnivora (Mammalia). Biological Reviews 74: 143–
175. PMID: 10396181
56. Lenaerts C, Demeyer M, Gerbaux P, Blankert B (2013) Analytical aspects of marinobufagenin. Clinica
Chimica Acta 421: 193–201.
57. Gosling LM, Mckay HV (1990) Competitor assessment by scent matching—an experimental test.
Behavioral Ecology and Sociobiology 26: 415–420.
58. Nicolas V, Grandcolas P, Braux F, Jourdan H, Malau A, Couloux A, et al. (2015) Recent species in old
Islands: the origin of introduced populations of Litoria aurea (Anura: Hylidae) in New Caledonia and
Wallis. Amphibia-Reptilia 36: 65–81.
59. Pyke GH, White AW (2001) A review of the biology of the green and golden bell frog Litoria aurea. Aus-
tralian Zoologist 31: 563–598.
60. Cooper WE (1995) Foraging Mode, Prey Chemical-Discrimination, and Phylogeny in Lizards. Animal
Behaviour 50: 973–985.
61. Feit B, Letnic M (2015) Species level traits determine positive and negative population impacts of inva-
sive cane toads on native squamates. Biodiversity and Conservation 24: 1017–1029.
62. Bauer AM, Jackman T, Sadlier RA, Whitaker AH (2006) A revision of the Bavayia validiclavis group
(Squamata: Gekkota: Diplodactylidae), a clade of New Caledonian geckos exhibiting microendemism.
Proceedings of the California Academy of Sciences 57: 503–547.
63. Beauvais ML, Coleno A, Jourdan H (2006) Les espèces envahissantes dans l'archipel néo-calédonien:
un risque environnemental et économique majeur Collection Expertise Collégiale, IRD Editions Paris,
France, cédérom pp 163–214.
64. Krishnakumar K, Raghavan R, Prasad G, Bijukumar A, Sekharan M, Pereira B, et al. (2009) When pets
become pests—exotic aquarium fishes and biological invasions in Kerala, India. Current Science 97:
474–476.
65. Phillips BL, Brown GP, Greenlees M, Webb JK, Shine R (2007) Rapid expansion of the cane toad
(Bufo marinus) invasion front in tropical Australia. Austral Ecology 32: 169–176.
66. Cirovic D, Rakovic M, Milenkovic M, Paunovic M (2011) Small Indian mongoose Herpestes auropunc-
tatus (Herpestidae, Carnivora): an invasive species in Montenegro. Biological Invasions 13: 393–399.
67. Hughes RG, LawrenceMA (2005) Globalisation, food and health in Pacific island countries. Asia Pacific
Journal of Clinical Nutrition 14: 298–306. PMID: 16326635
68. Pysek P, Richardson DM (2010) Invasive species, environmental change and management, and
health. Annual Review of Environment and Resources 35: 25–55.
69. Simberloff D, Martin JL, Genovesi P, Maris V, Wardle DA, Aronson J, et al. (2013) Impacts of biological
invasions: what's what and the way forward. Trends in Ecology & Evolution 28: 58–66.
Novel Invaders on Islands
PLOS ONE | DOI:10.1371/journal.pone.0151545 March 15, 2016 14 / 14
